Alanine and glutamine are interorgan nitrogen/carbon carriers for ureagenesis and gluconeogenesis, which are mainly but not necessarily only hepatic. The liver is central to alanine and glutamine metabolism, but most organs can produce and use them. We studied amino acid kinetics after liver removal to depict initial events of liver failure and to provide a model to study extrahepatic gluconeogenesis and nitrogen disposal in humans. We measured amino acid kinetics with [5,5,5- C 2 ]glutamine tracers in 21 subjects during and after the anhepatic phase of liver transplantation: 12 were at 7 months posttransplantation, and 7 were healthy control subjects. Anhepatic leucine kinetics, including proteolysis, was unchanged. Alanine plasma and whole-body contents increased 3؋ and 2؋, with a halved metabolic clearance and a doubled production, 2% greater than disposal. Free whole-body glutamine decreased 25% but increased 50% in plasma. Glutamine clearance was halved, and the production decreased by 25%, still 2% greater than disposal. Liver replacement decreased alanine and glutamine concentrations, leaving leucine unchanged. Liver removal caused doubled alanine fluxes, minor changes in glutamine, and no changes in leucine. The initial events after liver removal are an accumulation of three-carbon compounds, an acceleration of alanine turnover, and limited nitrogen storage in alanine and glutamine.
D
uring liver transplantation, there is a time lag in which the recipient's liver is removed and the donor's liver has not yet replaced it. The anhepatic phase of liver transplantation offers a unique surgical model to investigate in humans complex physiological questions and to depict the initial events after liver failure. The liver is important to ureagenesis and gluconeogenesis. Alanine and glutamine are important carbon and nitrogen donors for these processes because in order to oxidize amino acids, the muscle transfers the amino-nitrogen to pyruvate, ␣-keto glutarate, and glutamate (1) and exports a load of alanine and glutamine that is disposed mainly but not exclusively in the liver to synthesize urea and glucose. The resulting alanine (or glutamine)-glucose cycle is in turn critical to provide with glucose carbons those tissues that need to oxidize amino acids but cannot dispose their nitrogen in a nontoxic form (2) (3) (4) .
The interorgan transport is a first complication of glutamine and alanine metabolism. For example, glutamine may be converted to alanine in the gut before utilization in the liver (5, 6) . Because of its anatomic position, to measure the liver contribution to alanine and glutamine metabolism would require an invasive transhepatic balance, sampling blood and measuring the flow rates in the sovrahepatic veins, the portal vein, and an arterial vessel. When the sovrahepatic (but not portal) veins were catheterized, the contribution of the liver could not be dissected from that of the gut. Thus, the relative importance of the liver and the other organs in alanine and glutamine metabolism remains unclear in humans. A second complication is that the two amino acids can be simultaneously removed and produced in the same organ. Anatomic structures designed to couple glutamine/alanine catabolism and nitrogen disposal on one side and glutamine/alanine synthesis and nitrogen scavenging on the other were found in the liver with its periportal and perivenous hepatocytes (7) , in the kidney (8) , and in the brain, where neurons use glutamine and release alanine and astrocytes remove alanine and synthesize glutamine (9) . In addition, several tissues can express to some degree glucose-6-phosphatase (10, 11) , and, in theory, they could release in the systemic circulation the glucose produced from alanine or glutamine gluconeogenesis.
Glutamine and alanine metabolism in humans is largely involved in vital functions such as the control of acid-base equilibrium in the kidney (8) , the neurotransmitter metabolism in the brain (12) , or gluconeogenesis (13) . The clinical consequences of liver failure reflect this complexity. Glutamine accumulation in astrocytes causes part of the brain damage in hepatic encephalopathy (14) . During acute liver failure, the glutamine concentration is much more increased than that of alanine, suggesting that the muscle produces glutamine from alanine to scavenge ammonia (15) . Because the muscle normally releases alanine, it is unclear whether muscle alanine removal may represent an adaptive change in the glutamine synthetic pathway triggered by the alanine and the ammonia accumulation after liver failure. Despite the physiological and clinical importance of the topic, the differential effects of liver failure on alanine and glutamine metabolism are unknown.
The purpose of this study was to evaluate the initial changes in alanine and glutamine metabolism immediately after liver removal in subjects with a previously maintained liver function. To control for the effect of surgery and anesthesia per se, we also measured the changes in amino acid metabolism after the liver replacement, which rendered the metabolic picture similar to that of published studies of intraoperative amino acid metabolism. We found that without the liver, the body can produce and dispose an increased load of gluconeogenic amino acids in the absence of net changes in the proteolytic rate. The first event after liver removal was a marked increment in alanine production, whereas glutamine production and consumption were less affected. Immediately after the liver replacement, the alanine and the glutamine concentrations decreased, whereas the leucine concentrations remained unchanged. Table 1 reports the subjects' characteristics. Twenty-one subjects (ANHEP) were studied during liver transplantation for localized hepatocarcinoma (single Ͻ5 cm or multiple Ͻ2 cm diameter, n ϭ 16) (16), primary amyloidosis (n ϭ 1), carcinoid (n ϭ 2), and hemangioendothelioma (n ϭ 1). The last subject underwent two sequential grafts spaced 1 month apart because of the failure of the first one, and he was studied on both occasions. It should be stressed that 75% of the patients had mild cirrhosis or no cirrhosis at all. Accordingly, the albumin and bilirubin concentrations, the prothrombin time, and the number of platelets reflected only a minor impairment in liver function. The isotopes bolus was repeated in 12 of the recipients 7 months after transplantation (POST subjects) and was also administered in 7 healthy control subjects (CON). Surgical model of the anhepatic phase of liver transplantation. For the purpose of this work, the anhepatic phase began when the recipient's liver was removed and ended when the graft circulation was reestablished by portal unclamping (16) . In using this model, the major difficulties are caused by the short duration (45-75 min) of the anhepatic phase and by the changed metabolic environment abruptly induced by the liver removal. We decided to measure the amino acid kinetics by a single tracer injection during the anhepatic phase and not by a primed-continuous infusion commencing before the anhepatic phase. First, with continuous infusions, the time required to reach a tracer steady state is several times greater than the duration of the anhepatic phase itself; thus, the experiment should have begun hours before the anhepatic phase. Considering the possible displacement of body fluids as a result of the surgical procedure (blood losses and replacement with hemoderivatives, and fluid compartmentalization as a result of portal vein and vena cava clamping and unclamping), we doubted that we could have excluded any carryover from the isotopic dilution that existed before the anhepatic phase. Thus, the surgical and the medical teams agreed to limit the duration of the experiment to the anhepatic phase and to warrant in that period a stable hemodynamic condition without blood losses and administration of hemoderivatives.
RESEARCH DESIGN AND METHODS

Materials
During the anhepatic phase, the subjects received saline and other electrolytes (Normosol R; Abbott Laboratories, Abbott Park, IL), sevoflurane anesthesia with remifentanil and pancuronium bromide, and, occasionally, calcium chloride, furosemide, and human albumin solutions. Tracer injection and sampling protocol. At the beginning of the anhepatic phase, two basal samples of arterial blood were drawn 5 min apart. Immediately thereafter, one of the following tracer studies was performed to quantify the leucine, alanine, and glutamine kinetics. The tracer solutions were prepared as previously described (17) . Study 1 (n ϭ 12) used a bolus of L-[3- The POST subjects (study 1, n ϭ 9; study 2, n ϭ 4) and CON subjects (study 1, n ϭ 4; study 2, n ϭ 3) received the same protocol, with the difference that "arterialized" venous blood was drawn up to 150 min after the bolus from a dorsal hand vein cannulated retrogradely and heated in a warming box (17) , and that CON subjects received half the alanine dose (45 mol/kg).
Aliquots of blood were placed in tubes that contained EDTA and stored on ice until the plasma was prepared by centrifugation at 4°C. A 0.5-ml aliquot was withdrawn and frozen at Ϫ60°C after the addition of ]glutamine internal standards. Aliquots for glucagon, catecholamines, insulin, cortisol, and growth hormone were processed as previously described (17) . Blood aliquots for the determination of lactate, pyruvate, glycerol, and ␤-hydroxybutyrate were placed in tubes that contained perchloric acid. All blood samples were placed on ice until the plasma or serum was prepared by centrifugation at 4°C (within 1.5 h of drawing). All plasma and serum aliquots were frozen at Ϫ60°C until later analysis. Analytical methods. Plasma amino acid concentrations and enrichments were measured by electron impact GCMS after derivatization to tris-tbutyldimethylsilyl derivative as previously described (17) (18) (19) . For all measurements, the background corrected tracer enrichments in mole percent excess were calculated as previously defined.
Plasma hormone concentrations were measured by radioimmunoassay with commercial kits as previously described (20) . The catecholamine concentrations were measured by a high-performance liquid chromatography method (21) . The concentrations of whole-body lactate, pyruvate, glycerol, and ␤-hydroxybutyrate were performed as previously described (22) . Data analysis. Because the liver uses and produces alanine, glutamine, and leucine, it stands to reason that its removal provokes a brisk change in the volume of distribution, plasma clearance rate (PCR), and rate of appearance (R a ) of these amino acids. The abrupt change in such kinetic parameters forces the plasma concentration of these amino acids to change during the 
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anhepatic phase toward a new steady-state level (dictated by the new ratio R a /PCR); the rate of disappearance of the amino acid (R d ) changes accordingly. Thus, when the tracer bolus is injected during the anhepatic phase, it can be reasonably assumed that the kinetics and R a are in a new steady state, whereas the plasma concentration of the amino acid (i.e., the tracee) and R d are not. All in all, the following conditions take place: the volume of distribution and PCR (and, in more general terms, the kinetics) are constant (and unknown), R a is constant (and unknown), the measured plasma concentration of the substance (i.e., the tracee) is changing, and R d is changing (and unknown).
Given the above scenario, we first quantified the volume of distribution and PCR during the anhepatic phase from tracer data using standard noncompartmental techniques (23) , then estimated R a using deconvolution (i.e., inputestimation) techniques (24) , and finally derived R d from the mass-balance equation of the accessible pool (23) . Briefly, a two-exponential function was found to be necessary and sufficient to describe satisfactorily the tracer disappearance curve (which, normalized to the administered tracer dose, is the unitary impulse response of the system). The measurement error was assumed white, gaussian, of zero mean, and with experimentally determined standard deviation. Parameter estimation was performed by weighted nonlinear least squares. Weights were chosen optimally, i.e., equal to the inverse of the variance of the experimental error (24) . The kinetic parameters that were derived from the analysis of the impulse response were the initial distribution volume (V 1 ; ml/kg), the PCR (ml ⅐ kg Ϫ1 ⅐ min Ϫ1 ), the total distribution volume (V T ; ml ⅐ kg Ϫ1 ⅐ min Ϫ1 ), and the total body mass (Q T ; mmol/kg). R a (mmol ⅐ kg Ϫ1 ⅐ h Ϫ1 ) was estimated from the impulse response and tracee data by deconvolution, and R d was then derived from the equation of the accessible pool: R d (t) ϭ R a Ϫ V 1 dc/dt, where c is the tracee concentration and dc/dt its rate of change during the anhepatic phase. The kinetic analysis of the impulse response of measured in normal and posttransplantation patients followed the same approach outlined above. Because in such groups the tracee was in steady state, calculation of R a and R d from the impulse response was straightforward: R a ϭ PCR ⅐ c and R d ϭ R a . The R a of alanine and glutamine has two components: 1) from proteolysis and 2) from de novo synthesis. The alanine and glutamine release from proteolysis was estimated using the leucine release from protein breakdown, corrected for the ratio of alanine to leucine and glutamine to leucine molar concentrations in body proteins (1.11 and 0.74, respectively). Then, the de novo component of the alanine and glutamine appearance was calculated by subtracting the amount released from protein breakdown from the total alanine and glutamine R a (17) . Statistical analysis. We used t tests for paired data to compare subjects during the anhepatic phase of liver transplantation (ANHEP subjects) and POST subjects and t tests for independent data to compare ANHEP and CON subjects, and we applied to both tests the Bonferroni correction. Because we did not find differences among the two control groups (POST and CON subjects), we also presented t tests for independent samples comparing ANHEP subjects with the pooled control groups.
RESULTS
Arterial blood hematocrit, pH, blood gas analysis, and electrolyte concentrations. Compared with basal, during the anhepatic phase, there were no significant changes in hematocrit, pH, and oxygen and CO 2 pressures. The patients did not require the administration of bicarbonates to correct pH changes. However, small changes in electrolytes revealed a 30% increment in the anion gap (Table 2) . Hormone concentrations. Both the insulin and the counterregulatory hormone concentrations were increased during the anhepatic phase, as would be expected in a model of severe surgical stress (25) . In POST subjects, the hormone concentrations were similar to CON subjects, except for modest hyperinsulinemia (Table 3) . Glucose, lactate, glycerol, free fatty acid, and pyruvate concentrations. During the anhepatic phase, the subjects were hyperglycemic and showed a three to fivefold increment in lactate, glycerol, free fatty acid, and pyruvate concentrations. No significant differences were apparent between POST and CON subjects (Table 4) . Leucine metabolism. Figure 1 shows the natural leucine (upper) and the normalized L- [5, 5, H 3 ]leucine tracer (lower) concentrations during the anhepatic phase and in the control group. The leucine concentration remained stable during the anhepatic phase and similar to that of control group. The liver replacement did not change the leucine concentration within 15 min. During the anhepatic phase, the decay curve of the tracer concentration was similar to the control group. The leucine kinetics was consequently similar, as shown in Table 5 . The leucine metabolic clearance was 25% reduced in the absence of the liver, but this difference was significant only versus pooled control groups. The leucine R a (endogenous leucine flux, an index of proteolysis) was equal to the disappearance, because the leucine concentration was not changing during the anhepatic phase. The leucine flux during the anhepatic phase was insignificantly reduced compared with the control group, indicating that there were no changes in the proteolytic rate.
Alanine metabolism. Figure 2 shows the natural alanine (upper) and the normalized [3-13 C]alanine tracer concentrations (lower). In ANHEP, the alanine concentration was three times greater than in POST subjects and in CON subjects and increased by 104 Ϯ 21 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 , indicating that the alanine R a was greater than that of alanine R d . The liver replacement reduced (Ϫ20 Ϯ 4%; P Ͻ 0.001) the alanine concentration within 15 min. The tracer decay curve always remained above those measured in the control group, indicating a reduced clearance. Such remarks obtained from the visual inspection of tracee and tracer alanine data were confirmed by the results of the kinetic analysis reported in Table 5 . In the absence of the liver, the tracer-miscible alanine mass was doubled and its clearance was halved. The alanine R a was doubled. As a consequence of the increased alanine concentration, alanine uptake was also increased, but it remained ϳ10 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 smaller than the alanine R d . The increment in alanine R a was completely due to an increased alanine de novo synthesis and not to an increased release with proteolysis. Glutamine metabolism. Figure 3 shows the natural glutamine (upper) and the normalized L-[1,2-13 C 2 ]glutamine tracer (lower) concentrations. In the absence of the liver, the glutamine concentration was 50% greater than in the control group and increased by 88 Ϯ 25 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 , indicating that the glutamine R a was greater than that of glutamine R d . The liver replacement reduced (Ϫ22 Ϯ 4%; P Ͻ 0.001) the glutamine concentration within 15 min. The tracer decay curve always remained above those in the control group, indicating a reduced clearance. The kinetic analysis (Table 5 ) confirmed the remarks obtained from the visual inspection of tracee and tracer glutamine data. Similar to alanine, the glutamine clearance was halved during the anhepatic phase, but the glutamine R a was 25% reduced compared with the control groups because of a decreased de novo synthesis. In addition, different from alanine, the tracer-miscible glutamine mass was decreased (by ϳ60 mol/kg), suggesting that this was the effect of the removal of the large hepatic glutamine pool. The glutamine R d was 8 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 less than the glutamine R a , and it was 30% less than R d measured in the control groups.
In a single subject, the urinary losses of alanine, glutamine, and leucine were measured and resulted to be Ͻ2 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 for both alanine and glutamine and negligible for leucine. 
DISCUSSION
Surgical and kinetic models. We used the anhepatic phase of liver transplantation as a model to demonstrate the potential role of extrahepatic tissues in amino acid metabolism and to study the initial events of liver failure. This model is not physiologic, but only in this condition it is ethical to perform such experiments in humans. It would be otherwise difficult to reach in animal models the same resources and quality of anesthesiology support. Most patients (75%) had absent or mild cirrhosis without liver failure, and most of their biochemical parameters were not different from healthy control subjects. We previously found that such patients do not have gross changes in amino acid metabolism before transplantation (22, 26, 27) . Thus, a small effect of the antecedent cirrhosis cannot be excluded, but undoubtedly the metabolic events were maximally due to liver removal. The surgical stress increased the counterregulatory hormones that, in theory, could have stimulated protein catabolism and glutamine utilization (25) . Glucagon increases glutamine uptake (17, 19) almost exclusively in the liver. Epinephrine increases glutamine gluconeogenesis in the kidney (13) with a minimal effect on whole-body amino acid metabolism (28) . Cortisol also increases the substrate availability (29) , but it requires several hours to increase proteolysis and the glutamine and alanine de novo synthesis (30, 31) . Thus, neither of these hormones could have dramatically changed amino acid metabolism in the first hours of the surgical stress (17) . In practice, studies of intraoperative amino acid metabolism during elective abdominal surgery support this view, as discussed in the following sections (32-36). The main aim of our study was to assess positively whether certain metabolic processes can take place outside the liver. Nonetheless, it was also important to evaluate the effect of surgery and anesthesia. We extended the sampling period after the liver replacement to provide an internal control to the absence of the liver during surgery and anesthesia. Our approach may have had limitations as to the assessment of amino acid kinetics and to the assumption that the liver is immediately functioning after replacement. We found that during the anhepatic phase, leucine concentration was similar to the other abdominal surgery models, and it did not change after the liver replacement. The alanine and glutamine concentrations were strikingly different from the other models and immediately tended to be normalized after the liver replacement. Thus, evidence both from our data and from other studies proved that what we observed was maximally the effect of liver removal and not that of anesthesia and surgery. In previous studies, the single bolus and the primed continuous tracer infusion techniques provided comparable estimates of alanine, glutamine, and leucine kinetics. Our results in the control group were similar to these obtained by us and by others using both techniques (17, 19, 22, (37) (38) (39) (40) (41) . Nonetheless, for the short duration of the sampling period, we risked missing slower components (if any) of the amino acid kinetics and slightly overestimating their clearance. In the control group, we compared the clearances obtained analyzing the first hour of the experiment versus those obtained analyzing the full set of data (2.5 h). The clearances were never overestimated Ͼ10% when only the first-hour data were used. We reasoned that for proving our hypothesis, a Ͻ10% systematic error in the absolute alanine, glutamine, and leucine clearances (applied both to the study and to the control 
Data are means Ϯ SE. *P Ͻ 0.05, †P Ͻ 0.001, ‡P Ͻ 0.01 vs. ANHEP subjects. Total mass is the size of the tracer miscible pool.
groups) was not relevant, compared with the advantage of performing the study of the anhepatic metabolism excluding a carryover from the previous periods of the surgical operation. Whole-body proteolysis and leucine kinetics. Proteolysis in the anhepatic phase was not different from control subjects. Excluding relevant effects of previous cirrhosis (27, 42) , the surgical stress could have increased the amino acid release from the peripheral tissues (25) . Probably this was a minor effect because the stress was of short duration (3 h from skin incision), and in comparable abdominal surgery models proteolysis initially decreases (34, 43) . In contrast, as the liver is an important site for short-lived protein metabolism, its removal should have reduced proteolysis. The in vivo proteolytic rate of the liver was not defined in humans. On the basis of some estimates of the contribution of the splanchnic bed to the whole-body proteolysis (20 -30%) (44, 45) , one could speculate that the liver contributes no more than this amount. Consequently, liver ablation should have reduced proteolysis and counterbalanced the presumable proteolytic effect of the surgical stress in the peripheral tissues. Provided that we could not exclude that we missed small changes in proteolysis, our data suggest that factors of small magnitude working in opposite directions left unchanged the proteolytic rate.
As regards leucine metabolism, the stable leucine con-
FIG. 2. A:
Concentration of unlabeled alanine. During the anhepatic phase, the concentration of alanine was increased threefold and continued to increase at the rate of 104 ؎ 21 mol ⅐ kg ؊1 ⅐ h ؊1 , indicating that more alanine was produced than was consumed. The liver replacement immediately decreased the alanine concentration. B: Concentration of the alanine tracer (normalized to the bolus dose). The slower disappearance of the bolus during the anhepatic phase indicates a reduced alanine metabolic clearance. Despite the reduced clearance, the unlabeled alanine was so concentrated that the alanine uptake that resulted was double that in the control groups (see Table 5 ).
FIG. 3. A:
Concentration of unlabeled glutamine. During the anhepatic phase, the concentration of glutamine was 50% increased and continued to increase at the rate of 88 ؎ 25 mol ⅐ kg ؊1 ⅐ h ؊1 , indicating that more glutamine was produced than was consumed. The liver replacement immediately decreased the glutamine concentration. B: Concentration of the glutamine tracer (normalized to the bolus dose). The higher initial tracer concentration indicates that, removing the liver, a part of the glutamine distribution volume disappeared. The slower disappearance of the bolus during the anhepatic phase indicates a reduced glutamine metabolic clearance. For glutamine, the net effect resulting from a reduced clearance and an increased concentration was a 30% reduction in uptake (see Table 5 ).
centration during the anhepatic phase proved that the rate of leucine release was exactly matched by uptake. In addition, the liver replacement left the leucine concentration unaffected in the short term. Likewise, in other surgical models, KIC and total branched-chain amino acids underwent only minor changes in the short term (32, 33) . In agreement with previous data (15, 46) , we suggest that the human liver is not a primary site of leucine uptake or release. It can be theoretically conceived that, being an essential amino acid, most of the dietary leucine passes through the liver to reach the peripheral tissues for local protein synthesis. Alanine and glutamine production. Both the alanine and the glutamine concentrations were increasing during the anhepatic phase because their production was 2% greater than their uptake. This finding was strikingly different from the other surgical models, in which the concentration of alanine and glutamine are initially unchanged and then decreased (33, 36, 47) . In absolute terms, only alanine, not glutamine, de novo synthesis was increased. Normally, the gut converts glutamine into alanine, which is immediately removed by the liver (40, 48, 49) . Without the liver filter, the gut alanine production should be observed but could still not account for the doubling of alanine production. This finding must be interpreted as an increased nitrogen transfer to pyruvate. Circulating pyruvate and lactate were 3.5 and 7 times increased. The expanded pool of three-carbon compounds and ammonia probably stimulated the synthesis of alanine. This mechanism works in the brain as an alanine-glutamine cycle in which alanine serves as a nitrogen carrier from glutamatergic neurons to astrocytes (9) . A related mechanism works in the kidney, which synthesizes alanine from glutamine during acidosis (8) .
Different from alanine, the glutamine de novo synthesis was one-third reduced. The human liver has the machinery to remove and to synthesize simultaneously glutamine, but the fluxes are uncertain. Our data suggest that the liver is a net releaser of glutamine, in agreement with a former report in postabsorptive humans (50) . Despite the increased glutamine concentration, the tracer-miscible glutamine pool was reduced by an amount similar to the hepatic glutamine content (ϳ50 mol/kg) (39). Thus, glutamine kinetics showed the removal of the large hepatic glutamine pool. The distribution volume of glutamine was reduced by 45% when the liver was removed. In contrast, the volumes of leucine and alanine were reduced by only 10 and 25%, suggesting that glutamine is much more concentrated than alanine or leucine in the liver. Overall, our data showed that the removal of the liver produced opposite changes in alanine and in glutamine production. We confirmed that the liver is not a site for alanine release, but we suggest that the liver is important for storing and releasing glutamine for other tissues. Alanine and glutamine utilization. In the absence of the liver, the metabolic clearances of alanine and glutamine were almost halved and reflected a marked inefficiency in their metabolism. In absolute terms, alanine removal was doubled but glutamine uptake was 30% decreased. These rates reflected not only transamination but also disposal of their carbon-labeled skeletons. Given the importance of the kidney, brain, immune system, and gut in glutamine handling, it is not surprising that the whole-body glutamine uptake was almost maintained. Part of the huge alanine load could have been excreted in the urine, as alaninuria is commonly associated to hyperalaninemia (51), but this loss was negligible in the single subject who was tested. Initial events after liver removal. Our study proved that the first event after liver removal is an accumulation of three-carbon compounds. The concentrations of lactate, glycerol, pyruvate, and alanine were increased 7, 6, 3.5, and 3 times, respectively. The increased alanine concentration was accompanied by increased fluxes and to an expansion of its pool. An increment in lactic acid concentration is a welldefined hallmark of the anhepatic phase of liver transplantation (52) . Lactic acidosis, hyperalaninemia, and alaninuria also are clinical cornerstones of inborn defects in hepatic pyruvate dehydrogenase and pyruvate carboxylase (51) , and, interestingly, liver ablation immediately reproduced this syndrome. We speculate that the block in hepatic disposal of three-carbon compounds (released from glycolysis, lipolysis, or proteolysis) immediately propagated backward, increasing the size of the pools rapidly exchanging with pyruvate, i.e., lactates and alanine. Thus, the liver is essential for the three-carbon compound's disposal, either by oxidation or recycling to compounds with a higher number of carbons (glucose, lipids, or glutamine). However, this does not suggest that the liver is required for the synthesis of glucose or glutamine. We found that during the anhepatic phase, the subjects were hyperglycemic, the glucose production was comparable to postabsorptive subjects, and only alanine gluconeogenesis was impaired, whereas glutamine gluconeogenesis was similar to control subjects (53) . Our data suggest that the disposal of circulating three-carbon compounds, not gluconeogenesis, is a crucial function that cannot be replaced.
Concerning nitrogen metabolism, blood ammonia concentration reasonably increased immediately after the liver removal (54) . An open question is whether nitrogen was disposed besides ammonia generation. During the anhepatic phase, alanine and glutamine accumulated by 10 and 8 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 , respectively. If urea is produced in the liver at a rate of 220 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 (scavenging 440 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 of nitrogen) (55, 56) , then this accumulation removed only 6% (26 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 ) of the nitrogen normally converted to urea each hour. A potential contribution of alanine and glutamine urinary excretion to nitrogen disposal is also unsupported by our preliminary data. It was suggested that in acute liver failure, the muscle scavenges nitrogen by producing glutamine from alanine (15), but we found that the absolute glutamine production was reduced in the first hour after the liver removal. The accumulation of three-carbon compounds and ammonia could increase glutamine synthesis in a longer term. Glutamine accumulation, however, could lead to astrocyte swelling, an important feature of hepatic encephalopathy (14) . The relative sparing of glutamine metabolism in the first hour after liver removal could initially protect from cellular swelling and its pathologic consequences.
Final considerations relate to the ability of liver transplantation to normalize amino acid kinetics. As previously reported (22) , postabsorptive proteolysis became normal within the first year after transplantation. We also found that the leucine concentration was normalized by the 7th month, whereas in the previous series, characterized by more severe cirrhosis (Child class B-C), it was reduced for the first 2 years. This suggests that the status before transplantation may be important for the outcome of protein metabolism. Finally, we expanded on the former studies proving that also alanine and glutamine kinetics are normal after liver transplantation. Conclusion. We studied the leucine, alanine, and glutamine kinetics in the first hour after liver removal in humans, and we showed that proteolysis and leucine metabolism are relatively unaffected. Alanine is increasingly produced and extensively disposed with other three-carbon compounds. The glutamine metabolism is relatively spared, but glutamine also accumulates over time. Our results prove that the hepatic disposal of threecarbon compounds is a function that cannot be replaced by other organs. The quantification of alanine and glutamine kinetics during the anhepatic phase now renders possible the study of the extent of nonhepatic gluconeogenesis and nitrogen disposal from circulating alanine and glutamine.
